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selective  spectral- line  modulation  (SLM)  atomic  absorption  instrument 
cribed  which  exhibits  the  operational  simplicity  and  reliability  needed 
ine  analytical  application.  In  this  SLM  design,  a conventional  pneumat 
lizer/ spray-chamber  and  slot-burner-supported  flame  form  the  modulating 
ell,  and  a mirrored  chopper  directs  the  continuum  radiation  alternately 
or  through  this  atom  cell,  thus  performing  the  selective  modulation  func 
The  sensitivity  and  analytical  curve  linearity  obtained  for  Ca  and  Cu  wi 
present  SLM  system  extend  to  an  absorbance  of  about  0.3,  approaching  tho 
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20.  Abstract  (continued) 

tainable  using  a line  source  within  the  same  system.  Detection  limits  found 
for  a series  of  elements  with  the  present  SLM  design  are  shown  to  be  little- 
improved  over  those  for  conventional,  medium-resolution,  continuum-source  atomic 
absorption  spectrometry.  Important  noise  characteristics  of  the  present  SLM 
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The  idea  of  using  a spectral  continuum  source  in  atomic  absorption  spec- 
trometry (AA)  has  long  appealed  to  analytical  chemists.  Such  a combination 
offers  the  promise  of  single-source  qualitative  and  multi-element  analysis, 
while  retaining  the  simplicity  of  conventional  AA.  Accordingly,  a number  of 
both  theoretical  (1-4)  and  experimental  (5-10)  treatments  have  appeared  des- 
cribing continuum-source  atomic  absorption  (AAC)  instruments  which  emplo)  a 
medium- resolution  monochromator . Although  such  systems  maintain  the  cost- 
effectiveness  of  continuum-source  AA  relative  to  line-source  AA  (AA1.)  , 
the  studies  have  emphasized  the  problems  associated  with  medium- resol ut i on 
AAC.  These  problems  include  poor  detection  limits,  severe  working  curve  non- 
linearity, and  a high  susceptibility  to  line  and  broad-band  absorption  and 
stray- light  interferences. 

To  remedy  these  problems,  several  workers  have  employed  spectral  sorting 
devices  which  offer  such  high  resolving  power  that  resolution  of  individual 
atomic  absorption  line  profiles  becomes  possible  (11-16).  Of  these  instrument 
the  most  promising  from  the  standpoint  of  practical  analytical  AAC  appears 
to  be  one  employing  an  echelle  monochromator,  wavelength  modulation  via  a 
quartz  refractor  plate,  and  a 150-W  Eimac  lamp.  While  this  echelle  system 
does  much  to  improve  the  analytical  utility  of  AAC,  it  still  suffers  to  some- 
extent  from  stray-light  interference,  and  requires  an  expensive  monochromator 
to  achieve  the  necessary  resolution. 

A second  approach  to  performing  analytically  useful  AAC  has  been  through 
selective  modulation  techniques  (16-20).  With  this  approach,  the  high  effec- 
tive resolving  power  needed  for  AAC  can  be  obtained  through  selective  ampli- 
tude modulation  of  an  atomic  absorption  line  of  interest  followed  by  frequency 
selective  monitoring  of  only  the  spectral  region  containing  that  atomic  ab- 
sorption line.  In  selective-modulation  AAC,  a medium-resolution  monochromator 
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addition,  a 300-W  1 imac  xenon  arc  lain,  1 tin  primary  source,  pro- 

viding many  times  the  usable  radiation  *'  tin  conventional  1 50- n xenon  arc 
lamp  previously  used. 

The  routine  operation  of  the  new  SLM  y stem  is  described,  and  several 
optica  1 design  result!  i at i tl  m 

in  the  devil  u ed.  etecti  . mi  t obtained  wi  tl  tin  new  ar rang* 
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Optical  System.  The  optical  design  employed  in  the  new  SLM  system  is  de- 
picted in  figure  1,  with  details  concer;  ng  the  individual  components  and 
experimental  conditions  sumi;  .:  n ;:ed  in  I able  1.  1 he  signal  processing  scherni 
used  here  has  been  described  e 1 sewht  n . ( and  di  *T'e.-  only  in  tiie  means 
by  which  the  synchronous  reference  si  sal  1 derived.  As  shown  in  Figure  1, 
the  reference  detector  in  this  system  .simply  monitors  the  beam  \ radiation 
which  is  periodically  transmitted  by  tl  r n red  chopper. 

The-  optical  design  of  the  SLM  s;.st  w.is  delated  large lv  bv  tin 
strict  optical  path  requirements  of  tlu  t„  > slot  nurners  employed,  and 
the  special  optical  considerations  wliii  pie  ed  nocessarv  to  utilize  Lae 
Li mac  lamp  to  greatest  advantage.  Studies  in  this  laboratory  (22)  have  she. 
that,  while  the  aCHi-tv  1.  imac  are  lamp  provides  an  utput  beam  power  which  is 
up  to  37  times  that  available  from  a conventional  150-W  xenon  short-arc  lamp, 
several  less  desirable  characteristic  t • lamp  require  close  attention 
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through  beam  A will  undergo  selective  atomic  absorption  by  the  atoms  in  the 
modulating  flame,  while  radiation  will  pass  through  beam  B unchanged.  There- 
fore, by  alternately  observing  the  two  beams,  a selective  modulation  process 
takes  place.  In  another  view,  the  "combi nati  <n  source"  discussed  in  tin 
previous  paper  (20)  consist  ; 1 c r<  of  t tinuum  source,  moduiat ing 

flame,  ;ind  double-beam  optical  arrangement. 

Lens  Li,  focusses  the  chopped  radiation  nit*  the  monochromator  entrance 
slit,  slightly  underfilling  the  monochroi;.  it  r entrance  aperture  to  reduce 
stray  light  within  the  monochromator.  Hu  nu  lii  aperture,  A , enables  lulli 
of  background  modul  ition,  wi I n the  f<  llowing  sect i 

Ojaeratin^  Procedure.  I o begin  . : . .ui  ration,  the  1.  i mac  arc  is  struck, 

both  flames  are  Lit,  the  chopper  motoi  and  solvent  aspiration 

into  both  flames  is  begun.  During  a ..-,u  minute  warm-up  period,  the  mono- 
chromator wavelength  ; apj  i ximatelv  it  desired  analytical  line, 

;uid  the  photomult  p Her  tub.  voltage  i ; rcaup  gain  are  set  to  previously 

determined  values.  Unlike  the  previous  Si'i  tern  120),  no  tuning  of  the 
modulating  • tern  for  proper  ope  rati  or.  is  required  here,  thus  saving  t inn  and 
adding  simp  1 ic i ty . Because  the  opera t . . lem  and  phase  relac ionsb i 

in  the  present  modulating  ;y  tom  are  re.Ht.mt , nc  .ljustnie-nt  ot  Lock-in  or 
frequency-  e let  t i v amp  I i t it  r • i •.  re  i i part  of  the  start-up 

procedure . 

The  pilot  omul  t i p 1 ic  r shutter  is  next  •>pened  an.!  the  nulling  aperture  re- 
adjusted to  compensate  I r m broad-;  .:.  m at i on  caused  by  absorption  of 

the  modulating  flame  itself  at  some  w,  .clcigt:.  , b>  poorly  matched  trans- 

mittance and  reflectance  of  the  beam  splitter,  line  adjustment  in  the  nulling 
procedure  can  also  be  performed  via  the  r.e*ro- suppress  control  of  the  lock-in 
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consecutively,  and  result  r transmi : - - n effective  transmitted  combi- 
nation source  power:  , !’)  r. rib  d.  : 1 -■  transmittance  values,  absor- 
bances can  he  calculated,  w c . . , cid  in a lv te  concentra- 

tions determined 
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AA  instruments,  it  is  ncccss.ir)  to  c. • m.i  Ivte  it  om  emission  in  the 
sample  flame.  I hi-  correct i s e Ji  >u  I i shod  through  modulation 

of  the  primary  soui  c , . i he  i>  > n.  uulation  of  the  Limac 

source  here  ll.no  v .•  r,  t i t I erne'  ' this  work  using  an  .it 

flame,  t hi  lei  roved  negligible 

all  cases , l f rom  1 roved  signi 1 nt 

only  in  the  case  of  Iciui.  . 

Because  tin  -.mis  ion  fi  i..  tin  mothi  I at  i up.  at.  is()°  out  of  phase  from 

their  absorption,  n 1 ' ' • vitn  My  subtracted  bv  the 


lock-in  amplifier  from  both  the  SLM  1’ ■ and  1’  levels  seen  on  the  recorder,  causing 
an  error  in  the  observed  sample  transmittance  and  calculated  sample  absorbance. 

To  correct  for  modulating  flame  emission  in  the  case  of  calcium,  the  lamp  was 
blocked  while  the  modulating  solution  was  being  aspirated,  and  the  resulting 
lock-in  amplifier  output  (generated  only  Ly  the  modulating,  atoms'  emission) 
was  added  to  the  recorded  1’  and  !’  values  before  absorbances  were  calculated. 
Because  the  Eimac  radiation  i ■ used  in  providing  the  look-in  amp  I i t ier  r.  ft  r-s  . • 
signal,  an  auxiliary  reference  signal  bad  to  be  used  to  monltoi  the  emi 

Such  emission  interference  points  out  the  need  for  either  double  modula- 
tion (23),  involving  modulation  of  the  ;ource  in  addition  to  use  of  the  chopper, 
or  a gated  detection  scheme  similar  to  those  used  in  commercial  doub 1 e beam 
AAL  units,  employing  modulated  hollow  cathode  lamps.  The  need  for  such  an 
emission  rejection  scheme  is  expected  to  become  greater  when  hotter  N 0/t  II 
flames  are  employed  in  this  system. 

Reagents.  Stock  solutions  were  prepared  as  suggested  by  Dean  and 
(24),  using  reagent- grade  salts  and  aci  re  uired,  \nalyti  I stand 

were  prepared  by  suitable  dilution  of  these  stock  solutions. 

Detection  Limit  Calculation.  In  determining  the  SLM  detect i en  limit*  ti, 
system  was  operated  in  the  way  just  described  with  a lock-in  amplifier  turn, 
constant  (i)  of  3 seconds.  An  aqueous  sample  solution  of  the  element  of  in- 
terest containing  a concentration  equal  to  10-30  times  the  detection  limit 
was  aspirated  into  the  sample  flame  and  values  of  P and  P were  recorded  on 
the  strip  chart  recorder.  Four  sets  of  !’,  and  P measurements  were  taken  for 
each  element,  with  the  signals  being  monitored  for  at  least  20 1 for  each  trial. 
Detection  limits  were  calculated  using  average  values  of  (P,,  - P)  and  Nrms 
(calculated  as  one-fifth  \|,_p)  obtained  from  these  trials. 
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wavelengths  was  cheeked  using  the  ASTM  recommended  method  (20) . Because  >| 
the  poor  photomultiplier  response  and  reduced  source  output  below  about  250 
am,  stray  light  at  these  short  wavelengths  is  expected  to  cause  the  greatest 
problem  and  was  given  the  most  attention. 


RLSULTS  A\i  , 15-  if- . J \ . 

Replacement  of  the  droplet  generator  t 20 1 with  a more  conventional  means 
of  accomplishing  selective  modulation  provide  the  new  SLM  system  with  in- 
creased dependability,  simplicity  of  operation,  and  reduced  cost.  lhc  system's 
analytical  performance  and  its  interference,  noise,  and  fundamental  operating 
characteristics  are  discussed  in  this  sectioi . 

Sen^vj  t y a (id  L^pearity . As  discussed  earlier  (20),  the  sensitivity 
(working  curve  slope)  exliibited  by  the  S i.M  technique  is  greatly  atfected  !\ 
the  concentration  of  the  element  of  interest  used  in  the  modulating  iuti  'n. 
Figure  2 shows  three  Ca  calibration  curve-  witch  were  obtatu-’d  using  the 
present  SLM  system  with  modulating  solution  concentrations  of  5,  It)  and  20 
Pg/ml  for  cum  s A,  B,  and  C,  respectively.  These  curves  clearly  demonstrate 
that  a reduction  in  both  absorption  sensitivity  and  linear  range  occurs  as 
modulating  solution  concentration  is  increased.  This  result  is  not  unexpected. 
Simple  modeling  ot  the  5LM  process,  assu:>.  ng  uaussian  absorption  line  profiles 
for  both  the  sample  and  modulating  atoms,  indicates  that  such  a trend  with 
increasing  modulating  atom  concentration  'an  K related  to  the  increased 
fraction  of  the  radiation  absorbed  at  th  pc A of  the  atomic  absorption  line. 

A more  complete  description  of  this  model  will  be  published  later.  For  modu- 
lating solution  concentrations  high  enough  that  most  ot  the  radiation  at  the 


10 


peak  of  the  atomic  a sorpt : on  line  i s it  i - ' il->  ■ r t i on  breidin; 

is  also  expected  to  pla>  an  important  role  (2  7,  ? :n  determining  SI.M  sen- 
sitivity and  linearity.  tunatel  th<  • ng  ; lutioi 

concentration  to  optimize  sons  itivitx  ml  linearity  also  reduces  the  size 
of  the  lom  transmittance  i!  s gm : • :,e  SI.M  >roce«s , and  thus 

worsens  the  s i gna  I -t  o-m  is  rati<  (S/l  >f  i le  transmitt  ant  < i - urt  - 

ment. 

Hie  Ca  working  curve  sc;  si  tivi  t>  1 in--  >r  .■  mge  obtainable  with  t!u 

present  SLM  system  is  compared  to  thos<  oh:  linnbl  with  the  drop  let -gene  rat  - • r- 

based  SLM  system  (20)  and  wit'  : Ca  !'•  ’ 1 imp  ( AAL)  in  Figure  :. 

In  the  figure,  the  Ca  AAI  working  curve  is  >tai ned  using  a modulated  Ca 

hollow  cathode  source  with  th  opti  cal  1 sample  Flame  anJ  nebulize: 

of  the  present  SLM  1 Both  SLM  t ined  usinj  lul 

solutions  whi ch  were  i n for  opt  ind  iri ty . I t hould 

be  noted  tnat  the  drople  -generator-b  ' ''  •'  in  Figure  '!  exliibi  ts  superi  r 

sensitivity  and  linearity  r«*  ir-  1 to  - ■'  unli:  :ed  da*  a (20).  A modified 

optical  • . ' provi  • muc  larrow  rad  ition  path  through  the  analytical 

flame  was  emp Loyed  to  obt  lin  these  data,  and  imount:  for  this  improvement. 

Figure  1 indicates  that  for  Ca,  the  linear  ran::,  of  the  present  SLM  system 
is  approximately  twice  that  obtainable  wit  t • iginal  SLM  system  (extending 
to  absorbances  of  approximately  0.3  and  '.1  re-  tivelv),  though  still  less 

than  that  oLtm  able  v : th  a Mm  souro  1 u:  tin  ip:  . irin;,  at  an  absorbance  ot 

about  U.  h . Also,  tin-  new  S'  i syster  r y.i  matolv  l.S  times  more  sensitive 

for  Ca  than  the  original  SLM  svstmi,  . !<•  I ,..w  athode  data  shows  a fart'  er 

galn  over  tin  new  SLM  system  approxi  ■:>  att  1 v ! . ’ times. 

As  mentioned  in  tin  ton  going  d i - <'  a-  ■ a . m , the  linearitv  and  sens  i t i • • r 
exhibited  by  the  SLM  techin  u are  d rntlv  n 1 at  d to  the  peak  fraction  of 
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incident  radiation  absorbed  by  the  modulating  atoms.  Accordingly,  to  compare 
the  new  and  previous  SLM  systems,  a Ca  hollow  cathode  lamp  was  used  to  deter- 
mine the  approximate  peak  fraction  absorbed  by  atoms  within  the  modulating 
droplet  clouds  (previous  SLM  system)  and  within  the  modulating  slot  flame 
(present  SLM  system),  For  the  modulating  solution  concentrations  used  lot- 
curves  B and  C in  Figure  5,  the  approximate  peak  fractions  absorbed  were 
measured  t > be  and  -10'*,  respectively  . Because  this  difference  is  much 
smaller  than,  for  example,  that  between  the  5 and  20  ag/ml  Ca  modulating 
solution  u\  2,  it  can  be  interred  that  most  of  the  improvement  in  sen- 
sitive exhibited  by  the  new  SLM  apparatus  (compared  to  the 

droplet-'  . i ed  SLM  device)  accrues  from  optical  design  improvements. 

SLM  calibration  curves  obtained  with  t!u  present  system  for  copper. 

Iron,  and  lead  are  shown  in  Figure  4,  While  the  linear  range  (in  terms  of 
absorbance)  of  the  copper  calibration  curve  appears  similar  to  that  seen  for 
Ca  (cf.  Figure  2),  no  linear  region  is  discernible  in  the  calibration  curves 
for  iron  and  lead.  There  is  a fundamental  reason  why  greater  curvature  might 
be  expected  in  SLM  calibration  data  for  these  two  e ionic  ..  . 

Parsons,  et  al.  (29)  have  estimated  the  half-widths  tor  the  Ca,  Cu,  F'e , 
and  Pb  absorption  lines  used  here,  in  in  air/C  H-  flame,  to  fall  in  ranges 
as  follows:  Ca  (0.039  • 0.025  Aj  , Cu  (0.022  • 0.01a  A),  F'e  (0.015  * 0.012  A) 
and  Pb  (0.008  • 0.00O  A).  Clearly,  the  seUvtive  modulation  process  is  based 
on  Lhe  modulation  and  detection  ol  radiant  power  over  a very  narrow  spei tral  b lad. 
However,  the  measured  amplitude  of  the  SLM  P >r  1002  T signal  Ls  determined  not  hv 
the  peak,  change  ever  tiiis  narrow  hand,  hut  Lv  the  periodic  change  in  the  integrated 
radiant  power  over  the  monochromator  bandpass  as  modulation  occurs.  therefore, 
for  a given  peak  absorption  by  atoms  within  the  modulating  flame,  the  magni- 
tude of  the  measured  SLM  P,  signal  will  decrease  as  the  width  ot  the  atomic 
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absorption  lino  doc  re  a . In.- r f • rc  , i : e-  . v t ; uil!  bo 

needed  to  maintain  a . on  -t.i.  ' SLM  I • ■ t • i S',  with  de- 
creasing absorption  lit'*,  w !:  a of  tin-  ■ dul  . ■ , ;i-  . 

In  accordance  i i tb  t !’  -c  i ng  c . ; s i . : • i t . it  is  not  surpri  s : 
that  Ca  and  u w ig  curvi  thibit  1 1 t ■ , ii 

sorption  lint  half-width  at  not  great  * r-  ■ t.  In  contra  t,  thi 

ni fi cant ly  narrower  lint  er  peak  a ption 

by  the  modulat  toi  entratj 

produce  si  mi  !.ir  ’’  - ! aid  t !•*.  > mont  mod  r - 

vious  ly , cm  reus  in  1 inea  ents 

uted  to  this  ini  - ' items, 

situati on  is  i 

a short  wavelength  w are  the  primary  • md  thi  tri- 

but i on  r‘  - tot  . arger  SLM  l\  signal 

requi  red  for  tintai  to-noise  ratio 

M.M  ; a.  . 1 .irae  ter : . i > o . Hu  ? i it  :onsider;  • . only  ..  • : 1 

SLM  signal  and  not  with  issociat  . i lual  det 

tion  limits  and  precision,  aowever,  it  ■ .-.at  to  < \ lore  tin  no  is*, 

in  the  SLM  instrument.  In  this  explorat  on,  : t is  most  -leiiinrtul  to  eoinpar*. 
the  SLM  device  with  a mediun-  resolut  01  \Af  \ tin  Because  th  . n-  i-rt 
noise  types  in  AAC  and  SLM  are  similar  t>  t h.  . in  1 ne- son: cc  t\,  let  us 
first  examine  these  AAl  nur  . ouris  s.  I 

to  AAL  spectrometry  itave  been  thorough  1 * rated  'ngl-  and  oo -workers 

(30-32),  and  were  found  to  oe : 

I net  lilt  i li-  . :i  source  ra  ! i a nee  1 . 


1)  source  flicker  noise  (arisi?  ■ fr > a 
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2)  flame  transmission  flicker  (cans  a i fluctuations  in  the  transmi  s?  i <>i 
characteristics  of  the  analytical  flanu  i t s 1 t'J . 

3)  analyte  absorption  flicker  (due  *.  fluctuations  in  tin-  absorban'i  f 
the  sample  atoms  in  the  analytical  flame'. 

4j  analyte  emi  • ' on  flicker  noi  • c ■ p rated  by  f luctuat  it  us  in  tin 
sample  atomic  emission  intensity). 

5)  signal  shot  Hi •!  f from  luantun  rui  secondary  emission  noise  associated 

with  the  photomulti;  lies  . 

The  lirst  three  noise  sources  are  all  t ; os  of  proportional  or  multi- 
plicative noi  • the  ised  in  t ystet  Bowci 

and  Ingle  (30)  have  recently  stated  that  analyte  absorption  flickei  noise 
only  appr  - « ites  a proportional  noise  source),  rhat  is,  for  detectiot 
electronics  having  a given  response  bandwidth  f) , the  .unplitudes  of  these 
noise  sources  will  be  directly  proportional  to  the  source  radiant  power  reachin 
the  photodetector.  For  example,  the  flame  transmission  flicker  noise  ampli- 
tude would  be  expected  to  aoub 1 e it  the  s:  . <.  power  reaching  the  analvtical 

flame  (and  therefore  photodetector)  wer-  to  double,  all  other  conditions  being 
constant. 

These  multiplicative  noise  sources  should  be  contrasted  with  the  f art’:, 
and  fifth  sources  listed,  both  of  which  are  of  the  additive  type.  Hu  ampli- 
tude of  the  rms  shot  noise  is  related  to  the  total  radiant  power  reaching  the 
photodetector  (including  radiation  from  the  source,  flame  background,  and 
sample  atomic  emission)  by  the  well-known  square- root  relationship  (271  , while 
the  analyte  emission  flicker  noise  is  independent  f source  intensity. 

All  the  above  noise  sources  are  expected  to  contribute  to  the  total  noise 
in  /VAC  and  SLM  as  well,  although  great  1>  different  system  characteristics  must 
be  considered  in  these  latter  cases.  The ; Inferences  are  discussed  qualita- 


ively  below. 


Source  F 1 1 eke r .Moi  j . Flicker  n . i it  J wit1  high-j  restore  xen  >:i 

short  arc  lamps  can  be  taken  from  mam  s'  .ot  ..  ..  to  be  in  • ■■ 

1 ® and  :>„  peak-to-peak , depending  on  . . ! i r ■ . c,  and  • ip  it  . • 

rating,  and  assuming  observation  over  ..  •.•  : ban  a ( f).  Hie  . 

used  in  this  worl  was  recent!.  ! >und  • •!::  . , rox: mat  ly  o.(>  peak-t>- 

peak  noise  (with  spatial  selection  for  u whei  measured  with  i<  de- 
tection electronics  of  t - .5  Hz.  1 , Bow.  • and  Ingle  ( .iHj 

examined  a seines  of  hoi  low  cath  do  las  e:  -urvci.r  system  i i . 

iif  - 0 . a llz  and  found  rolat  .•  standa:  ;t  i .n\,t  iverage  was  1.7  \ 

10-4  (equivalent  to  0.24®  pc.ik-to-pea! 

As  a result  of  tiie  . eatly  lif''  i - peer  m ’ bandw  idth  .c... 

are  detected,  source  flicker  noise  iff'  p:  te  d:  ffere.ntly. 

In  com  a tional  medium- 

exaggerated  hecaus:  the  -vt  vi  1 rep ; : :•  > nut  t 

times  wider  than  t . tor : rpt i • re*'  n . ■ • 

of  the  ob;  rved  radi  tot  ... 

si  de  tiie  atomi  lin  t ' : inti  it  t uiv  AAC 

measureine:,  i . 

In  contrast,  in  tin  I'd  pchni;  s.  • • leu  ti  n ver  th-  extremely 

narrow  spectral  bandwidth  le fined  by  t lirn  tie  miduiatin 

atoms . onl  th  lurce  f 1 rom  th  rw  dulat  d 

spectra]  re  1 or  r<  ;ult  ; *•  i nit  1 1 ip  1 i 7 . t nt  in  the  SI.M  signal. 

S )urc<  flickei  ult  tl  !r  monochroma 1 

bandpass  represents  an  addi  dive  mi  ■ :u\  , i . i-  n.  ved  through  the 

modulation  p voces  . W!»  i 1<  *■'  < nd.it  i > t r.  • on  the  SI.M  signal 


can  be  no  smaller  than  that  of  the  lamp  itself  (for  equal  f)  , it  is  expected 
to  be  significantly  less  than  that  observed  in  AAt. 

Although  less  obvious,  such  source  flicker  noise  considerations  al  o 
apply  to  the  source  drift  (i.e.,  very  low  frequency  source  flicker)  which  is 
especially  troublesome  in  arc  source-  . Unit  is,  a 1'..  drift  in  source  p m . 
will  cause  a li  change  in  the  Sl.il  signal,  because  only  the  change  in  radiant 
power  over  the  region  where  the  sample  atom  lusorb  will  b»  detected.  : , 

.in  AAC , a 1"  change  in  radiant  power  aver  th*.  entire  monochromator  hamipus 
will  be  detected,  even  though  the  sample  mi  at  absorb  less  than  one  tent!', 
of  that  integrated  power.  Thus,  a mucl  1 i r,y  ••  re  lat  i ve  error  should  exi : t 
in  the  AAC  than  in  the  SLM  measurement. 

flame  I ransmiss ion  flicker.  In  a way  similar  to  source  flicker,  flame 
transmission  flicker  noise  Is  expected  to  haw  a pronounced  effect  on  nediu'.i- 
resolution  A At  . Background  flame  absorption  is  cam  d by  molecular  species 
present  in  the  flame,  and  is  therefore  cluiracteri  ce-J  by  broad  absorption  b > 
Because  such  bands  often  absorb  radiation  ro  s the  entire  spectral  region 
isolated  by  the  monochromator,  the  fiana  trunsui  ien  flickci  noise  in  a A 
measurement  will  be  proportional  to  the  total  radiant  power  reaching  tie 
photodctect  w. 

The  effect  of  flame  transmission  flickei  noi  si  in  tin  present  m.M  tev 
is  somewhat  more  complex  than  that  of  c -arc  • l u 1 t.  I f.*,e.-n»sst"n  flicker 
in  the  analytical  flame  is  detected  only  eve t tin  ia  Jula:  i sped  ra I region, 
much  as  is  source  flicker  noise.  However,  the  \odu luting  f 1 aim  appears  m tie 
observed  light  path  periodically  (at  tin-  modulation  frequency,  i 1 so  tn.it  any 
transmission  flicker  it  exhibits  i modi,  i at . a:  well  and  appears  at  fm.  l'hus 
modulating,  flame  transmission  flicker  i-  mu  1 1 i p 1 i cat  i ve  uni  is  not  attenuated 
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by  modulation,  lecau  t ctral  na  involved  in  th  bad*  i >und 

modulation  process,  modulut  • at;  flame  t ran  " -i  •.  : j i.er  is  detected  over 

the  entire  buckgt  >unc  •.»;  | pi.. a baud  .*  .•  i ; , . . u bandpass , whi  -hever  . 

narrower.  Hie  relative  ette.t  o t ; i ain  t r . . 1 1 : . k < r in  tin  present 

SLM  system  is  therefore  expected  to  I)  : : . it  ■ i YAi  , with  it> 

portance  being  int  i e ■- ! ti  eeti  . , tr  i flare  ahsorpt  ion 

(i . e . , neat  100  •••...  „>i  . , |A 

B>  the  s am  reasoning,  a : ■ tians  . ■ . . • . .idj  ant  powc i t'l ac- 
tuations caused  b>  imp  rtefti  n.*  i :t  t loved  in  the  , resent 

system  w i : Is  1 n ■ i ■ f ■ r , : i at*:  r !•  ..  . . ,\c.  * r.i 

ingly,  minor  irregularities  in  the  mi  r it  m Significant 

noise  on  the  SUM  ..  ual. 

1 t shoo  Id  I that  t msl  tl  dulati 

wi thin  tht  ligh  oplet-  nnits  detect k 

of  that  flame’s  t ran si  Lon  flicker  ted  bandpass. 

Marne  transmission  : ticker  . . hou  1 less  > : cu  i fi  c.int  in  tliat 

earlier  SLM  J*.  i gn  than  in  th.  present  . 

Analyte  Absorptioi  • ibsoxption 

flicker  repr 

occurs  only  over  an  atomic  ale  u *tiuu  : Ml  not  be  reduced 

by  the  select  vo  modul.-tion  r - but  * . • ; a for  AAl  and 

S!,M.  The  r.  < tv  * rbin,  t'  , however,  tend  to 

increase  the  "tri  but  or.  f r . this  • : > i 

Analyte  emissi*  1 i ; c>  ■ e n w-e.inJ,  but  is  an 

additive  no  i :•  •.  • >i  n bn  : o ; t • .u!  , . * , t . : • s isc  source  can  be' 

removed  l>\  * iiVcn  t >na  m : . n • .*  . - normal  1 v done  in  AAC. 

In  SLM,  t lie  emission  I ri  : the  nuJul  it  in  • t .tear  at  the  selective 
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modulation  frequency  and  does  add  a snail  emission  flicker  component  te 
signal.  In  addition,  the  present  SI.M  configuration  would  allow  a small  frac- 
tion of  the  sample  atom  emission  to  he  modulated,  1 1 though  both  this  cm  - i i 
and  the  associated  flicker  noise  have  aruvo::  • ! * i l>K  in  these  : .du  . 

Obviously,  conventional  modulation  o'  t • arc  i I M could  he  em,  1 c • 
alleviate  the  effects  of  this  noise  sour 

Shot  Mo  i se . The  total  shot  n<  > • both  SLM  and  AAC  will  t <. 

proportional  to  the  square-root  of  t-  ..  ..  < . 1 j . n • powei  arriving  it 

the  photodetect  >r,  near!  1 wl  from  the  < nitii  mm  soui 

Unlike  the  noise  sources  . . . ..  t noise  has  an  essential  1 

flat  noise  power  spectrum  . has  v i > ■.  ra  t • . Because  tin 

shot  noise  contribution  over  t given  rc 

30  Hz  as  it  is  at  0 Hz  (d.c. ) , no  modui  iti  a p roct  will  reduce  snot  iui-.l 
and  it  will  therefore  contribute  equally  1 ti  M mea  • t 

The  relative  si  ....  rease  at 

wavelengths  near  inn  dm  to  rednc.  • ,t. 

Zero  *T  Moise.  \ final  noise  c'-ar  i t r . t . ..  ..f  tin.  SLM  svstera 
involves  the  noise  a >ociated  with  tin  ra  1 1.  lim  -sourci 


AA  employ  in  . 

for  example 

, a mechan  i c i l c : 

hopped  : 

line  source,  the 

OoT  signal  i- 

estah 1 i shed 

with  the  lamp  rad 

i at  i on  1 

. >ck  . d , and  with 

solvent  ht  n 

aspirated  ii 

to  * ht  ana l \ t : n 1 

flame . 

■ . 1 i . thi 

sources  which  out  r Unite  to  the  measuremer .i  re  flame  background  emission 

flicker  and  issociated  shot  noise,  phot  » i i ■ it:  dark  noise,  and  electronit 
noise,  all  of  whicl  ire  r.krarilt  mall.  >wevei  , in  the  SLM  technique  the 
OVI’  signal  is  measured  with  the  light  ■<  tire  , both  flames  lit,  and  with 
solvent  being  aspirated  j ; » ill  f 1 ••  ' ' such  important  noise 
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For  modulating  solution  concentrations  above  SO  ug/ml,  the  increase  in 
P o and  P signal-to-noisc  ratios  is  not  enough  to  offset  the  loss  of  absorp- 
tion sensitivity  which  results  from  the  la-ge  peak  absorption  depth  of  the 
modulating  atoms.  Therefore,  detection  limits  become  worse  with  increasing 
modulating  solution  concentration  beyond  ..0  ,ig/ml. 

Table  11  lists  detection  limits  for  several  elements  obtained  in  this 
laboratory  for  medium-resolution  AAC  and  for  the  present  SLM  system.  The 
elements  listed  are  among  tiiose  usually  determined  in  air  i II  flames  and 
whose  preferred  analytical  absorption  lines  cover  a wide  wavelength  range. 

No  attempt  was  made  to  optimize  such  parameters  is  fuel/oxidant  ratio,  flame 
viewing  region,  and  monochromator  slit  width  for  each  element.  through  such 
optimization,  some  improvement  in  detection  limits  would  be  expected,  ilthough 
the  medium-resolution  AAc  values  found  here  are  similar  to  those  i i ted  hv  others  (lb). 

The  data  in  Table  II  show  that  the  detection  limits  found  using  tlu 
present  SLM  system  an  approximately  equal  ti  those  obtained  in  this  laboraton 
using  AAC,  with  SLM  detection  limits  for  lead  (Cl(>.9  am)  and  zinc  being,  poorer 

than  those  for  AAc.  rhese  SLM  detectioi  li  , : art  ,o t disappointing, 

particularly  considering  the  expected  reduction  of  source  flicker  noise  in 
SLM  compared  to  AAC.  In  order  to  understand  why  the  SLM  and  A\L  detection 
limits  are  similar,  more  information  is  needed  concernii  the  limiting  u . . 
sources  in  these  two  methods. 

Accordingly,  a preliminary  invest i atin  was  performed  employing  a sequen- 
tial elimination  of  system  noise  sources  similar  to  that  described  In  Bower 
and  Ingle  (SO, SI;  to  determine  which  noisi  uirces  limit  detection  in  tin.  ,V\t 
and  SLM  arrangements.  fests  were  carried  out  at  the  calcium  ICC. 7 nm  line, 
due  to  the  lack  of  flame  absorption  and  amp  h ounce  intensity  at  that  uavelcigth. 

Tile  results  of  this  preliminary  stud\  indicate  that  the  limiting  noise 


IS 


sources  as  source-induced  shot  noise,  chopper-induced  flicker  noise,  and 
modulating  flame  transmission  flicker  noise  will  still  contribute  to  the  UV1 
signal  measurement,  thereby  reducing  the  attainable  precision. 

To  the  authors'  knowledge,  noise  involved  with  selective-modulation  A Ah 
has  been  considered  previously  only  once  (IS).  In  that  treatment,  which  in- 
volved a sample  modulation  approach  to  selective  modulation,  it  was  indicated 
that  the  selective  modulation  process  could  remove  the  effect  of  source 
flicker  noise  from  the  measured  absorption  signal.  A recent  publication  has 
also  cited  sample  modulation  as  a possible  means  of  reducing  "lamp  transmission 
noise"  (apparently  referring  to  lamp  flicker  noise)  in  AAL  (30).  In  light  ot 
the  preceding  discussion,  it  seems  very  unlikely  that  relative  source  flicker 
noise  could  be  significantly  reduced  below  that  typical  of  the  source  itself 
by  such  a modulation  process. 

Detection  Limits.  As  previously  mentioned,  the  best  SLM  modulating  so- 
lution concentration  for  working  curve  sensitivity  (slope)  and  linear  range 
might  not  be  optimal  in  terms  of  S/N  and  detection  limit.  Figure  5 shows  the 
change  in  calcium  detection  limit  over  a range  of  calcium  modulating  solution 
concentrations.  From  Figure  T>,  the  best  calcium  detection  limit  is  obtained 
using  a modulating  solution  concentration  of  about  aO  ,.g/ml  for  this  particu- 
lar experimental  arrangement,  in  contrast  to  the  > ug/ml  value  required  for 
greatest  linearity  and  sensitivity. 

The  observed  improvement  in  SLM  detection  limit  with  modulating  solution 
concentrations  below  50  Mg/ml  indicates  that  modulation  depth  can  he  increased 
over  a substantial  range  while  noise  remains  essentially  constant.  I'll i s be- 
havior suggests  that  the  limiting  noise  sources  in  the  present  SLM  system  are 
proportional  to  total  integrated  light  intensity,  which  changes  little  with 
modulation  depth. 


source  in  an  AAC  measurement  at  this  absorption  line  is  source  flicker  noise. 

While  the  previous  noise  discussion  suggests  that  both  source- induced  shot 
noise  and  analytical  flame  transmission  flicker  could  be  significant  in  -\AC , 
both  proved  to  be  much  smaller  than  source  flicker  in  this  case. 

Furthermore,  the  limiting  noise  source  in  an  SLM  calcium  measurement 
appears  to  be  chopper- induced  flicker  noise.  For  the  present  SLM  system, 
modulating  flame  transmission  flicker  is  less  than  half  as  large  as  chopper- 
induced  flicker  at  the  calcium  line.  As  expected,  the  source  flicker  noise 
contribution  in  SLM  is  minor  compared  to  that  of  the  above  mentioned  noise 
sources.  Shot  noise  too  is  insignificant  here,  as  would  be  indicated  bv  its 
minor  importance  in  our  AAC  measurements. 

This  preliminary  determination  of  limiting  noise  snuio"  suggests  tin:  the 
similarity  of  the  SLM  detection  limits  to  those  found  for  AAC  does  not  indicate 
a fundamental  SLM  limitation.  It  appears  that  while  the  limiting  AAC  noise 
source  (source  flicker  noise)  is  substantially  reduced  in  the  SLM  technique, 
most  of  tins  potential  S/1 Si  advantage  is  lost  in  the  present  SLM  design  through 
flicker  noise  introduced  by  the  mirrored  chopper.  Like  calcium,  most  of  the 
elements  listed  in  table  FI  occur  in  spectral  regions  of  ample  source  output 
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power  and  relatively  low  air/CTL,  flame  absorption.  therefore,  with  the  ex- 
ception of  lead  (210.9  nm),  zinc,  and  cadmium,  noise  sources  which  are  limiting 
for  calcium  are  also  expected  to  be  limiting  for  the  other  elements  listed  in 
Table  II,  and  similar  AAC  and  SLM  detection  limits  are  not  surprising.  However, 
because  of  the  greatly  reduced  source  output  power  and  increased  flame  absorp- 
tion exhibited  at  the  three  shortest  absorption  wavelengths,  the  importance  of 
both  shot  noise  and  flame  transmission  Flicker  will  be  increased  for  both  SLM 
and  AAC  determination  of  the  corresponding  elements.  Light  loss  due  to  back- 
ground modulation  in  tie  present  SLM  system  further  com|  li cates  the  shot 


noise  problem.  At  the  load  216,9  nm  line,  for  example,  the  mismatch  of  beam- 
splitter transmittance  and  reflectance  produces  a background  modulation  of 
about  30%,  compared  to  only  3.5%  at  the  5j  1.7  nm  copper  line.  In  addition, 
absorption  b\  the  modulat  ing  t lame  increases  b.ickp  round  modulat  ion  t : a 

to  about  50%.  1' he  low  source  output  at  this  short  wavelength  and  the  1 . 

of  half  of  the  available  radiant  power-to-b.ickground  modulation  combine  to 
further  increase  the  significance  of  shot  n.-i  ■•••;  these  factors  account 
for  an  SLM  detection  limit  for  lead  which  is  poorer  than  that  obtained  <•- 
AAC.  A similar  background  modulation  effect  is  seen  for  zinc,  and  to  a 
lesser  extent  for  cadmium. 

Much  of  the  background  modulation  problem  should  he  avoidable  through  use 
of  a more  suitable  beam  splitter  or  by  substitution  of  two  phase-linked 
choppers  for  the  present  beam  splitter  and  chopper.  In  addition,  use  of  a 
shorter  path* length  modulating  flame  could  help  to  reduce  background 
modulation,  with  the  decreased  path  length  being  offset  by  higher  moduiaimg 
solution  concentrations  to  maintain  useful  modulation  depths.  Both  methods 
of  reducing  background  modulation  would  lead  to  much  more  efficient  use  of 
available  li^it  in  the  system,  particularly  at  short  wavelengths. 

Significantly,  the  previous  drop  let- gene  rat . r- based  SLM  system  l 20 ) did 
not  suffer  from  the  chopper-induced  flicker  asi  .»h  i eh  nas  proven  to  be 
limiting  in  the  present  system,  nor  diu  ti  it  sTT)  device  entail  background  mod- 
ulation and  the  associated  light  loss  just  described. 

B.ivkgreuiui  Mvduiat  .O.-.  - c..;  • d \\  M<  N > tr  .cm  Alt!  mgh  modulat  ii 

flame  absorption  and  optical  imperfect  ai  lead  t < some  background  modulation, 
such  modulation  can  be  easily  overcome  as  explained  in  the  experimental  section. 
That  is,  during  solvent  aspiration  info  tlu  modulating  flame  and  before  any 
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modulating  solution  is  aspirated,  the  full  magnitude  of  the  background  modu- 
lation can  he  detected  and  either  suppressed  or  recorded  and  subtracted  from 
later  SLM  data  obtained  at  the  same  wavelength. 

However,  several  elements  form  molecular  species  which  exhibit  absorp- 
tion bands  within  flames  (.33-35).  It  is  therefore  possible  that  a modulating 
solution  would  contain  an  element  having  an  analytical  absorption  line  on 
top  of  the  molecular  absorption  band  of  another  element  present  in  the  same 
solution.  Any  attempt  to  use  the  analytical  1 ine  for  selective  modulation 
would  then  result  in  a concomitant  broad-ban d modulation  component  of  unknown 
magnitude  due  to  the  molecular  band.  Sot  on  I > will  a i mp K nulling  pm. 
then  not  suffice  for  measurements  made  a t the  analytical  line,  but  the  problem 
could  easily  go  unrecognized  and  lead  to  erroneous  sample  absorbances. 

Of  course,  the  overlap  of  a useful  absorption  line  with  a strong  molecular 
absorption  band  is  not  common,  and  such  absorption  bands  will  not  be  trouble- 
some when  moderate  elemental  concentrations  arc  involved.  The  elemental  com- 
binations that  do  exhibit  such  overlap  should,  however,  be  avoided  in  modu- 
lating solutions  or  appropriate  corrections  applied.  Combinations  which 
present  such  possibilities  of  interference  include  the  overlap  of  the 
Li  070.8  nm  line  with  SrO  bands;  overlap  of  the  Ba  55.3.0  nm  line  with 
a CaOll  band;  overlap  of  the  Ivt  doublet  at  589  nm  and  589.6  nm  with  a 
CaO  band;  and  overlap  of  the  fr  357.9  nm  line  with  the  edge  of  MgOII  bands 
(.33).  Because  many  of  these  hands  are  quite  weak,  it  is  unlikely  that  they 
would  cause  significant  error  in  calculated  absorbances  and  their  effect  could 
be  disregarded  at  the  modulating  concentrations  typically  used  for  SLM.  If 
even  this  small  error  cannot  be  tolerated,  however,  the  procedure  outlined 
below  can  be  employed. 

I'be  interference  chosen  to  experimentally  demonstrate  this  correction 


band  (550  - 5b0  mn)  on  the  analytically  important  553.0  mil  Ba  absorption  line. 

The  correction  procedure  which  was  tested  involves  an  off-line  measurement  of 
the  modulated  signal  to  determine  what  fraction  of  the  total  signal  at  the 
atomic  line  is  contributed  by  the  broad  band.  Once  determined,  tiiat  contribu- 
tion can  be  subtracted  from  SLM  Pq  and  P values. 

To  demonstrate  this  correction  procedure,  one  modulating  solution  con- 
taining only  Ba  at  1000  ng/ml  and  a second  containing  1000  ug/ml  Ba  and  100 
pg/ml  Ca  were  prepared.  A 500  pg/ml  Ba  sample  solution  containing  no  Ca  was 
also  prepared.  It  should  be  noted  that  the  Ba  concentrations  used  arc  unusu- 
ally high  due  to  the  poor  atomization  of  Ba  in  the  uir/C.li  flame.  Potassium 
concentrations  of  5000  pg/ml  and  1000  ug/ml  were  also  included  in  the  modula- 
ting and  sample  solutions,  respectively,  to  suppress  Ba  ionization.  One  to  the 
Ba  line  and  CaOll  band  emission  from  the  modulating  flame,  an  emission  correc- 
tion was  applied  to  all  data  before  absorbances  were  calculated. 

Figure  6 shows  the  SLM  P signal  recorded  over  550-5t>0  nm  spectral  range 
for  the  Ba  + Ca  modulating  solution  (i.e.,  tills  scan  represents  the  output  of 
the  combination  source  over  this  wavelength  region).  The  band  structure  due 
to  the  CaOH  absorption  band  is  clearly  shown  in  the  figure,  and  contributes 
about  2 0»  of  the  total  detected  SLM  P signal  at  the  Ba  line.  Although  one 
might  argue  that  a greater  relative  interference  should  be  used  for  such  a 
correction  test,  it  should  be  noted  that  the  Ba  concentration  in  the  modulating 
solution  was  chosen  to  provide  nearly  the  minimum  useful  modulation  depth  lappn  \- 
iraately  equal  to  that  obtained  for  a 10-15  , g/ml  Ca  modulating  solution  at  the 
Ca  422.7  nm  line),  and  that  the  Ca  modulating  solution  concentration  employed 
here  is  about  five  tiroes  that  normally  used  tor  SI.M,  in  order  to  providi  a 


more  severe  test  situation  than  would  ordinarily  be  encountered. 


To  perform  the  test,  the  modulating  solution  containing  only  Ba  was 
first  aspirated  to  carry  out  a normal  SLM  absorption  measurement  of  the  Ba 
concentration  in  the  sample  solution.  This  measurement  was  then  repeated, 
except  that  the  modulating  solution  containing  both  Ba  and  Ca  was  employed. 

If  broad-band  modulation  were  indeed  significant,  this  latter  measurement 
should  produce  an  erroneously  low  sample  absorbance,  finally,  the  s..nple 
absorbance  was  again  determined  using  the  Ca  + Ba  modulating  solution,  ex- 
cept this  time  an  off-line  correction  technique  was  employed,  in  a way  simi- 
lar to  that  used  to  overcome  broad-band  flame  background  emission  in  flame 
emission  spectrometry.  In  this  procedure,  the  01  transmittance  level  is  set 
while  the  desired  modulating  solution  is  aspirated  (instead  of  merely  solvent) 
and  with  the  monochromator  moved  adjacent  to  the  Ba  line  (to  553. 2 nm) . 

After  nulling  the  background  at  this  off-line  wavelength,  the  monochromator 
was  scanned  back  to  the  Ba  line  and  the  sample  absorbance  determined  as  usual. 

Table  III  lists  the  three  absorbance  values  obtained  in  the  correction 
test  and  their  951  confidence  limits.  It  is  seen  that  the  uncorrected  absorb- 
ance obtained  using  the  Ba  + Ca  modulating  solution  is  about  151  low,  while 
that  obtained  using  off-line  correction  matches  the  true  absorbance  value  with 
in  confidence  limits. 

Like  the  flame-background-correction  technique  used  for  flame  emission 
spectrometry,  tiiis  off-line  correction  method  can  be  more  complicated  when 
the  interfering  absorption  band  changes  rapidly  with  wavelength  in  the  spectra 
region  where  it  overlaps  the  analytical  line  of  interest.  In  fact,  the  dif- 
ference in  the  magnitudes  of  the  absorption  band  on  the  two  sides  of  the  Ba 
line  used  here  (see  figure  o ) suggests  that  an  improved  correction  might  hav< 
resulted  from  using  the  average  of  the  magnitudes  on  opposite  sides  of  th"  I" 
rather  than  the  magnitude  on  only  one  side.  However,  due  probably  to  tin 


small  relative  magnitude  of  the  absorption  band  in  this  case,  the  present, 
simplified  off-line  correction  was  sufficient.  Issentiallv  all  of  the  methods 
which  have  been  developed  to  cope  with  similar  problems  in  emission  spec- 
trometry could  be  easily  adapted  to  this  off-line  SI.M  correction  technique. 
These  methods  are  well  documented  (2-1,36)  and  need  not  be  discussed  here. 

Stray  Light  Cons i de rat i ons . Because  n the  high  radiant  powers  and  wide 
spectral  range  emitted  by  the  continuum  Murce  ordinarily  used  in  AAC,  stray 
light  within  the  monochromator  is  expected  be  troublesome,  particularly 
near  the  wavelength  limits  of  the  optical  c nponent--  and  detector.  Zander 
et.  al.  (16)  , for  example,  have  reported  that  VAC  performed  with  an  echelle 
monochromator  results  in  51  of  the  radiation  reaching  the  detector  at  230  nm 
being  stray  radiation.  Moreover,  stray  radiation  at  the  215.3  nm  In  line 
causes  a significant  reduction  in  both  absorption  sensitivity  and  working 
curve  linearity,  if  one  does  not  correct  for  it. 

In  a similar  test  to  that  reported  (1(>J,  but  involving  the  medium-reso- 
lution monochromator  used  in  the  present  work,  stray  light  was  checked  from 
200  nin  to  285  mn  and  found  to  vary  little  with  wavelength,  probably  indicating 
simple  scattering  of  continuum  radiation  within  the  monochromator.  As  ex- 
pected, the  worst  stray-radiation-to-signal  ratio  occurred  at  short  wavelength 
with  1 . 51  of  the  radiant  power  reaching  the  photomultiplier  tube  at  the  213.8 
nm  zinc  line  resulting  from  stray  radiation.  The  relative  magnitude  of  the 
stray  radiation  decays  to  approximately  0.3“  at  the  2)8.3  nm  iron  line,  due 
to  the  increased  source  output  and  greater  photomultiplier  tube  response  at 
this  longer  wavelength. 

One  significant  advantage  of  the  SLM  technique  is  its  virtual  immunity 
to  such  stray  light  interference  . Because  only  radiation  over  an  extremely 
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narrow  spectral  region  is  modulated  (i.e.,  the  width  of  an  atomic  absorption 
line),  no  selective  modulation  of  stray  light  occurs.  For  this  reason,  any 
stray  radiation  goes  undetected  by  the  frequency-selective  electronics.  In 
this  sense,  the  selective  modulation  apparatus  acts  essentially  like  an  ex- 
tremely narrow  pre-filter  for  the  monochromator,  but  with  the  versatility  to 
have  both  the  number  of  filter  pass  bands  and  their  central  wavelengths  easil> 
modi f led. 

Because  of  the  broad-band  modulation  which  can  occur  in  the  present  SLM 
system,  it  is  possible  for  some  portion  of  the  stray  radiation  to  occur  at 
the  modulation  frequency.  However,  any  such  modulated  stray  radiation  is  also 
present  when  the  system  0“oT  is  being  set  and  is  automatically  nulled  out  at 
that  time  along  with  any  other  background  modulation.  While  stray  radiation 
contributes  a finite  amount  of  noise  to  any  SLM  measurement,  its  effect  should 
be  very  small,  in  view  of  the  low  level  of  stray  radiation  exhibited  even  at 
short  wavelengths. 


CONCI.US  ION 

Through  use  of  burner  types,  solution  introduction  methods,  and  modula- 
tion techniques  similar  to  those  employed  in  common  AAL  instruments , the  new 
SLM  system  described  herein  provides  the  reliability  and  ease  of  ope  rati  or. 
necessary  for  routine  analytical  work.  In  addition,  such  SLM  characteristics 
as  high  absorption  sensitivity,  useful  linear  range,  simplified  background 
correction, and  extremely  narrow  effective  spectral  bandwidth  are  retained. 

However,  the  stew  modulation  method  exhibits  several  limitations  as  well. 
Hue  to  the  double-beam  arrangement  employed,  the  flicker  noise  associated  with 
the  modulating  flame  and  chopper  mirror  is  detected  over  the  entire  monochrom- 


ator  bandpass,  and  the  latter  noise  source  ..ppi  irs  to  be  the  prce  i sion- 1 ■ i t 
component  for  S'.M  measurements  us  in-  tin.  system.  In  addition,  back- round  . 
lation  resulting  from  the  beam-splitting  operation  and  from  absorpti  ..  • 
the  modulating  flame  causes  light  losses  which  can  become  severe  at  short 
wavelengths,  thereby  aggrevating  shot  noise  problems  at  tli  se  wavelengths. 
Because  background  modulation  is  a function  of  wavelength,  spectral  scanning 
is  also  hindered  by  the  need  for  separate  baseline  correction.  It  is  (..vested 
that  use  of  a more  suitable  beam-splitting  scheme  and  a shorter  path  modulating 
flame  will  reduce  background  modulation.  \ shorter  path  modulating  flame  will 
also  reduce  the  magnitude  of  flame  transmission  flicker  noise. 

While  the  authors  consider  the  detection  limits  and  precision  obtainable 
with  the  new  SI.M  system  to  be  entirely  satisfactory  for  many  analytical  appli- 
cations, they  could  be  improved,  since  the  noise  sources  limiting  doU  ctnb.  . ' 
are  not  fundamental  to  the  SI.M  technique.  With  increased  understandi  r...  of  tin 
dominant  noise  sources  within  the  present  system,  it  is  expected  that  m.  di fi cat . 
m the  dev  i cc  used  to  perform  the  select  • ic.iul  it  i on  will  nevait  :i>  * 

improvements  in  detection  limits  for  futur*  M >\  tern  le  , , . 
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TABLE  1 EXPERIMENTAL  COMPONENTS  AND  CON U1TI ON’S 


Continuum  Source 

Hollow  Cathode  Lamp 
Burners  and  Flames 

Observation  Height 

Gas  Handling 

Gas  Flow  Kates 

(corrected  to  STP) 

Solution  Introduction 


Monoch  romator 
Optics 


Chopper 


300— W Eimac  illuminator  with  ilumlnuin— coated  paruhoJii 
collimator  (No.  VlX-l'Mi  V , u .a  \ i Lh  I un-coo  led  non; 
No.  K-iOO-l),  and  v«  ’>  a a r rciil-regu  1 a l ad  ow. 

supply  (No.  PS  30'  1,  ariaa  lm.ii.'  Division,  sail  t a lo  • 

Cali  I . ) . 

Calcium  lamp,  operate  ■ it  1 > iuA  type  WE-22blOA,  l- 
inghouse,  Elmira,  N.Y.).  lowered  ny  a regulated  power 
a;  th  Co.,  Ben  ton  Harbor,  " i c . 

and  series  potentiometer. 

10  cm  slot  burner-  n.  id  lot  both  malytical  flame  '.No. 
AB51,  Varian  Techtron,  Walnut  Creek,  Calif.)  and  mi  lui 
ting  flame  (No.  -(  V . in.  t rumentation  Labor  ate:  • 
Inc. , Lexington,  is:  ) . ii  . lines  used  ex  I ■ 

sively . 

both  analytical  and  modulating  flames  observed  .approx- 
imately 1 cm  above  burner  tops. 

Described  previously  (.'<)) 

17.3  l./min.  air  and  ).]  1 I /min.  acetylene.  Identi<  il 
flows  used  for  analytical  and  modulating  flames. 

Spray  iharubers  and  pneumatic  nebulizers  used  for  solu- 
tion introduction  into  analytical  flame  (l’erkin-Elmer 
Corp.,  Main  Ave. , Norwalk,  Cl.,'  modulating  flaim. 

("Counter-Flo  Jet"  type.  Instrumentation  Laboratory, 
Lexington,  Mass.).  Analyte  jud  modulating  aspiration 
rates,  3.0  and  4.3  ral/min.,  respectively. 

Described  previous!'  (.’l1).  Spectral  silt  width  ~ 1 . i 
for  all  work  reported. 

L[,  diameter  = 2.  > cm,  F.L.  10  cm.  1 , diameter  • 

2.5  cm,  F.L.  * 2.  cm.  1.  , diametei  - 2.)  cm,  F.L. 

7.5  cm.  Li,,  diameter  2.5  em,  F.L.  = 15  cm.  Lens 

material  is  Suprasil  1.  Mj , diameter  - 2.5  cm.  M , 

diameter  = 5.1  cm.  Mirroi  surfaces  are  UV— enhanci 

a 1 um i num  (Mirrors  ■ : : • ■ Les  Griot , 

Main  Street,  Danbury , 1 .).  Beam  .splitter,  diameter 

2 . 5 or, i , app roximateJ  r,  : -400 

(no.  6-  1325  U,  Special  Optics,  I.ittli'  F 11s,  N.3.). 

Half— mirrored  chopper,  mirror  diameter  - 11.5  em;  alu- 
minum surfaced.  Rotated  a:  iu  Hz  (1800  r.p.m. ) vi 

synchronous  motor. 


nm 


TABLE  I (continued) 


Photomultiplier 


Signal  Processing 


RCA  1P28  photomultiplier  tube,  operated  at  approximately 
450V.  Powered  by  a regulated  high  voltage  supply  (No. 
245,  Keithley  Instruments,  Inc.,  Cleveland,  Ohio). 

As  previously  described  (20). 


TABLE  II  COMPARISON  OF  DETECTION  LIMITS 
BETWEEN  CONTINUUM— SOURCE  (AAC) 
AND  SELECT  I VI.  SPECTKAL-LINE  MOD- 
ULATION  (SUM)  ATOMIC  ABSORPTION 
SPLCTRuMITKIC  Ml  TIIODS 


Element 

Atomic 
Line  (nm) 

SEN 

Detection  Limits  ( 

n-g/ml) 

AAC1 

De  tec  lion  i.  i;;ii  t s 

Calcium 

422.7 

0.025 

0.06  5 

Copper 

324.7 

0.066 

0.13 

Lead 

283.3 

0.49 

1.05 

Magnesium 

285.2 

0.011 

0.014 

Manganese 

279.5 

0.12 

0. 16 

Iron 

248.3 

0.32 

0.42 

Cobalt 

240.7 

0.46 

0.50 

Nickel 

232.0 

0.80 

0.82 

Cadmium 

228.8 

0.30 

0.28 

Lead 

216.9 

1.80 

1.37 

Zinc 

213.9 

0.21 

0.15 

a.  Detection  limit  defined  by  St.  John  et  al.  (25)  to  be  that  concentration 
yielding  a (Pq  - P)  value  1.85  times  the  root-mean-square  noise. 


b.  Modulating  solution  concentration  chosen  to  give  about  9%  modulation  depth 
for  Pb  (216.9)  and  Zn  and  6%  modulation  depth  for  all  other  elements  tested. 


I' ABLE  III  OFF-LINE  CORRECTION  01  CaOH  IJ  1NTEK- 
EE HENCE  ON  Ha  553.0  uni  LINE. 


Modu I at  in, 


Solution  Employed 

Correction  Employed 

Average  Ba  Samp 

le‘  Absorbance 

Ba  Solution 

0.45 

.00  8^ 

Ba  + Ca  solution 

off-line  correction 

0.45 

. 00  7 

Ba  + Ca  solution 

no  special  correction 

0.38 

.008 

a.  Represent  averages  of  three  trials;  95  confidence  limits  given. 

b.  Absorbance  without  interference. 


Figure  1 


figure  2 


Figure  3 


Figure  4 


Figure  5 


Figure  t> 


SCHEMATIC  1)1  Al'iUAM  OF  Till:  DOUBLE-BEAM  SLM  DFVICF.  - FOP  Vll.lv. 

A)  is  an  aperture  stop;  Ay  is  ;i  nulling  aperture;  F is  a Field 
stop;  I . i — l.t4  are  Unses;  Mj  and  M,  are  plane  mirrors;  II. S.  i a 
beam  splitter;  is  a ha  I f-rai  r rured  chopper;  It. I).  is  a ivlirciu'c 
detector  For  lock-in  amplifier  reference  signal. 

EFFECT  OF  MODULATINO  SOLUTION  CALCIUM  CONCFNTKAT I ON  ON  SLM  CALCIUM 
(422.7  nm)  ANALYTICAL  CURVES. 

(A)  5 Mg/ml  calcium  modulating  solution 

(B)  10  ng/ml  calcium  modulating  solution 

(C)  2(1  ng/ml  calcium  modulating  solution 

CALCIUM  (422.7  nm)  ANALYTICAL  CURVFS  OBTAINED  IJSINC  LINE-SOURCI 
(AAL),  PRESENT  SLM  [SLM  (NEW) J , AND  DROP LET- BASED  SLM  [SLM  (OLD)] 
ATOM I C ABSORPT I ON  SPECTROMETRY . 

S (ig/ml  calcium  used  in  SLM  (new)  modulating  solution;  200  ng/ml 
calcium  used  in  SLM  (old)  modulating  solution. 

SLM  ANALYTICAL  CURVES  FOR  COPPER,  LEAD,  AND  IRON. 

20  ng/ml  copper,  500  ng/ml  lead,  and  100  ng/ml  iron  used  in  modu- 
lating solutions. 

EFFECT  OF  MODI)  EAT  I NO  SOLUTION  CONCENTRATION  ON  SLM  CALCIUM  (422.7 
nm)  DETECTION  LIMIT.  SEE  TEXT  FOR  DISCUSSION. 

SPECTRUM  OF  SLM  COMBINATION  SOURCE  SHOW  INC.  Ba  553.0  nm  LINE.  AND 
INTERFERI NO  CaOII  BAND. 


Spectrum  corrected  For  Ba  anil  CaOII  emission  and  background  modula- 
tion. See  text  for  explanation. 


0R8ANCE 


CALCIUM  DETECTION  LIMIT  (pg/ml)  XIO 


0 10  20  30  40  50  60  70  80 
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